Cell plasma membranes appear to be composed of domains, patches whose composition and function differ from the average for an entire membrane surface. Pro teins and lipids may be segregated into domains by dif ferent mechanisms. Some of these mechanisms are dis cussed, followed by a summary of the evidence for membrane domains obtained in my laboratory. This evi dence is largely based on measurements of the lateral diffusion of membrane proteins and lipids. Recent new approaches to the interpretation of lateral diffusion measurements, consideration of so-called fractal or long time-tails promise to give new insights into the stability and lifetime of membrane domains.
INTRODUCTION
For many years my laboratory's work has focused on prob lems concerning the lateral diffusion of plasma membrane proteins and lipids. These studies began with Larry Frye's demonstration that some integral membrane proteins, class I MHC molecules, were indeed mobile in the plane of the bilayer (Frye and Edidin, 1970) . The demonstration that lat eral mobility was due to Brownian motion, diffusion, and not to convection or other ATP-driven processes (Edidin and Wei, 1977) was the starting point for a series of studies quantitating lateral diffusion and investigating the molecu lar constraints to diffusion. The studies began with an important assumption: the fluid bilayer is a random mix ture of lipids and proteins. However, as our measurements progressed, particularly as we began to compare the diffu sion of different but related lipid probes (Wolf et al., 1981a) , we found that our assumption was not correct. Lat eral diffusion of both lipids and proteins appears to reflect a membrane that is patchy, one whose component mole cules interact with one another. Diffusion measurements then become a way of describing the lateral organization of membranes (Edidin, 1990 (Edidin, , 1992 . In this paper I will first briefly summarize the ways in which inhomogeneous, patchy membranes might form and raise some unresolved problems with the nature of these membranes. Then, I will illustrate the problem with some of the evidence for inho mogeneities obtained in my laboratory. Finally, I will men tion an alternative approach to thinking about membrane organization.
LIPIDS AND PROTEINS IN MEMBRANE DOMAINS
Inhomogeneities in plasma membranes in the size range of tens to thousands of nm, that persist on a time scale of tens to thousands of seconds, are commonly termed membrane domains. Broadly speaking there are two bases for the for mation of these domains, namely segregation and self-asso ciation of membrane lipids, to form patches whose com position differs from that of the average lipid composition of the bilayer, and corraling of membrane proteins by pro teins of the cytoskeleton. Lipid segregation is generally thought of in terms of the separation of immiscible species -at the extreme the separation of gel and liquid-crystalline lipid phases (Vaz, 1992) . Corrals may enhance the aggre gation of membrane proteins, and proteins may be anchored to their component fences, but they are primarily barriers to lateral diffusion (Edidin, 1992) .
Though the two forms of domain seem to be antitheti cal, they in fact overlap a good deal. There is evidence that the formation of lipid domains in erythrocyte membranes is promoted by membrane proteins (see Glaser, 1992; Gawrisch et al., 1993) . These effects could be due to the selective binding of lipids by membrane proteins. For exam ple, the boundary lipids associated with the transmembrane domains of membrane proteins (Marsh, 1983) could serve to nucleate the formation of lipid domains. Or, lipid domains could be created by the lateral pressure of trans membrane and cytoskeleton proteins on the bilayer (McGregor and Hunt, 1990) . On the other hand, proteins may form domains by aggregation. Protein/protein associ ations in turn are enhanced if a population of proteins is confined to a small area of the membrane by barriers (Peters, 1988) .
The physical basis for domain formation is related to another critical issue, the lifetime and stability of domains. We know that lipid domains are not likely to be immisci ble phases in equilibrium with the rest of a membrane; such an equilibrium system is dead. However, if they are not phases, then what are they? It has been suggested that they reflect non-ideal mixing of lipids (Wolf, 1992) . In that case most of the features detected as lipid domains are relatively short-lived, perhaps with lifetimes not much longer than the few minutes required to make a lateral diffusion measure ment. However, the suggestion also implies that membrane lipids are delivered to the surface in patches. This simply moves the problem of selective association of lipids back to the sites of their synthesis in endomembranes. A mech anism for lipid patching in the Golgi membranes has been proposed to explain the polarized sorting of glycolipids and glycolipid-anchored proteins in morphologically polarized cells (Simons and van Meer, 1988; Lisanti and RodriguezBoulan, 1990 ). With only a few exceptions (Thompson and Tillack, 1985; Hannan et al., 1993) , the evidence for glycolipid and GPI-protein clusters is the isolation of deter gent-resistant complexes enriched in these components from polarized epithelial cells (Brown and Rose, 1992) and from lymphoblasts (Stefanova et al., 1991 (Stefanova et al., , 1992 . These complexes can only be isolated at 4°C, raising the question of their physiological relevance.
Similar arguments apply to protein-enriched domains. Some of these, for example proteins localized to basal sur faces of epithelial cells, form aggregates associated with the cytoskeleton (Nelson et al., 1990) . Clusters of acetylcholine receptors also form in this way (Wang and Axelrod, 1993) . Though there may be exchange of molecules between the clusters and the rest of the membrane, the clusters them selves persist for days. On the other hand, as we will see below, some domains defined in fibroblasts and hepatoma cells reflect the average state of a membrane cytoskeleton that itself is constantly remodeled.
USING FLUORESCENCE PHOTOBLEACHING AND RECOVERY (FPR) TO DETECT MEMBRANE DOMAINS
FPR, a microscope-based technique, evolved to quantitate lateral diffusion of membrane components (Axelrod et al., 1976; Jacobson et al., 1976; Edidin et al., 1976) . Diffusion of a population of fluorescent membrane molecules, lipid analogs or integral proteins labeled with fluorescent anti body fragments, is monitored by partly bleaching a spot (usually a few pm 2) in the membrane and then following the recovery of fluorescence after the bleach. The shape of the recovery curve may be used to distinguish diffusion from flow. The extent of recovery of fluorescence gives an indication of the fraction of fluorescent molecules that is free to move in the time of observation, and the time required to reach half-maximum recovery, together with area bleached (measured independently), reflects the diffu sion coefficient of the fluorescent label. The technical approaches and problems in making FPR measurements are well discussed in a recent article (Wolf, 1989) .
FPR, LIPID PROBES AND LIPID DOMAINS
FPR measurements of a series of fluorescent lipid probes, carbocyanine dyes, Dil Cn (Sims et al., 1974), gave us our first indications of heterogeneity of membrane lipids. The probes all have the same fluorophore headgroup, indocar bocyanin iodide, Dil. Two saturated hydrocarbon chains are attached to each fluorophore and members of the D il Cn series differ from one another in the length of these chains (n). Lipid-soluble forms of the probe have chain lengths ranging from 10 to 22 carbons, Dil CIO to Dil C22. Klaus ner and W olf (1980) showed that in liposomes, Dil Cn par tition between fluid and solid phases, depending on their hydrocarbon chain length. Short-chain molecules are con centrated in fluid phospholipid phases, while long-chain molecules, up to C20, concentrate in gel phases. C22 and longer chains extend more than the average thickness of a half bilayer, curl back on themselves and perturb the bilayer, so these show a preference for fluid lipids.
If a cell plasma membrane is a fluid mixture of randomly dispersed lipids and proteins, then we expect that the observed diffusion coefficient, D, and the mobile fraction, R, will be the same for all Dil, independent of the hydro carbon chain length (n). If the membrane contains patches of different compositions and viscosities, then we expect to see a dependence of D and R on the length of the Dil hydro carbon chains (Fig. 1) . Indeed, we found this dependence when comparing diffusion of Dil probes in sea urchin and mouse egg plasma membranes (Wolf et al., 1981a,b) .
In recent experiments on membranes of human lym phoblasts, we found that Dil C l 8 probed different regions of the cell membrane when cells were labeled at 20°C from when they were labeled at 37°C. R, the mobile fraction of Dil C l 8, did not change with temperature when cells were labeled at 20°C and diffusion of the probe at 20°C was compared with its diffusion at 35°C. In contrast, when cells were labeled at 37°C the mobile fraction of the probe was very sensitive to temperature, increasing about twofold when the temperature was increased by 15°C. It appears that at 37°C, Dil C l 8 can partition into regions of the cell membrane that are inaccessible to the probe at 20°C.
The results just quoted suggest that some membrane lipids are segregated from the bulk of the membrane when cells are cooled from growth temperature, 37°C. The chemical and physical composition of these domains will differ from those of the rest of the membrane and they are also likely to contain a sample of membrane proteins that differs from the average. The experiments still do not show if lipid patches of different compositions and physical properties exist at 37°C. A differ ent way of using FPR, applicable to lipids and proteins, may allow us to detect patches that occur in mammalian cells at physiological temperatures.
FPR AS A GENERAL METHOD FOR DETECTING MEMBRANE DOMAINS
In a model FPR experiment, the time for recovery of fluo rescence depends upon the size of the area bleached, a, but the extent of recovery is independent of a until a -> a sig nificant fraction of the total labeled surface, A (Wey et al., 1981) . The experiments summarized in the last section kept a constant and varied the chain length of the fluorescent probes. The experiments summarized in this section depend upon using a single probe and varying a. If the probe labels a membrane continuum then the recovery of fluorescence ought to be independent of a for a < A. On the other hand, if the probe labels patches of membrane with area P, itself < § A, then the recovery of fluorescence will fall as a -> A and will be even lower for a > A.
Based on the preceding argument, we expect to detect domains by observing a systematic fall in fluorescence recovery when FPR measurements are made on a single population of cells, labeled with only one fluorescent label, but using a series of different-sized measuring spots. Unlike the experiments with lipid analogs, this FPR experiment is perfectly general. No matter what the fluorescent label, any time we find the relationship:
(where k is some constant of proportionality), we are detect ing membrane domains. Membrane domains, defined by the kinds of FPR exper iments just described, are detectable in several different kinds of cells: normal and transformed human fibroblasts, human T-lymphoblasts, and mouse hepatoma cells (Yechiel and Edidin, 1987; Edidin and Stroynowski, 1991; Edidin, unpublished) . The dil probes and GPI-anchored proteins do not seem to be included in these domains, but several kinds of transmembrane proteins, as well as the lipid analog NBD-PC, are found there. The diffusion behavior of the NBD-PC analog suggests that as we use it, adding it to membranes from a stock solution in ethanol, it binds to pro teins and so reports patches of proteins that need not be lipid domains as well (Yechiel and Edidin, 1987) .
We can estimate the size of the domains from a simple geometric argument. As long as a < P, then in equation 1:
but if a > P then: (Fig. 2) . Beginning with the smallest a, we find that the regression of R on a is fit well by 2 until a ~ 3 (im2, that is until the radius of the bleached spot is about 1 |im. Begin ning with the largest a, we find that the regression of R on a is fit well by 3, again until a ~ 3 p,m2. Both forms of k (2 and 3) assume a & P. The value at which both fits devi ate from the experimental data then is close to a = P. Hence the radii of domains defined by this experiments is around 1 |im.
BEYOND FPR AND BEYOND STATIC DOMAINS
The definition of domains by either of our FPR experiments is a static definition. Domains seem to have a lifetime of at least a few minutes since this is the time required for a FPR measurement, but we cannot learn anything more about them from FPR.
k=V«A/P F ig . 2 . FPR geometry and membrane domains. The cell membrane is drawn as a collection o f closed domains (unshaded ovals) in a phopholipid continuum. Domains may be enriched in particular proteins or may represent lipids that are immiscible in the phospholipid continuum. Projections of the laser beam used in FPR for bleaching and measuring fluorescence are shown as shaded circles. If these spots are small relative to the domains, then the recovery depends upon the ratio o f the area of the laser beam to the area of a domain, noted on the diagram as k=a/P (see equations (2) and (3) in the text). For large spots, recovery depends upon the ratio of the perimeters of the beam and the domains, noted on the diagram as k=VaA/P.
We obtained a different view of membrane domains in experiments with Michael Sheetz in which membrane pro teins were labeled by 40 nm gold beads coated with small numbers of specific antibodies. The beads were then gripped in a laser optical trap (Kuo and Sheetz, 1992) and moved through the cell membrane by translating the micro scope stage with a piezoelectric controller. Some beads could not be moved at all, but most moved a significant distance before meeting an obstacle and being tom out of the laser trap. At 23 °C the average barrier-free path of beads attached to molecules of a transmembrane protein, the class IM H C molecule H-2Db, was about 0.6 |im, a good approx imation to the value of 1 |im estimated from FPR experi ments. The average barrier-free path of a GPI-anchored form of class I MHC molecule, Qa2, was 3x larger (Edidin et al., 1991) , consistent with the apparent ability of this molecule to cross domain boundaries. When the measure ments were repeated at 34°C we found that gold/H-2Db traveled an average of 3.5 |im before meeting an obstacle and gold/Qa2 traveled an average of 8.5 (xm. Thus, the bar riers to lateral movement defined as static domains by FPR experiments prove to be dynamic, and what were previous seen as the radii of membrane domains should be consid ered as averages of distributions of the probability of a mol ecule meeting an obstacle in a given distance of lateral travel. Patches are not static.
THE STATISTICS OF DIFFUSION
The dynamic picture of membrane domains obtained from optical trap experiments contrasts with the view from FPR. Membrane domains are not static; they constantly change in extent and in composition. We need another way to describe the constraints to lateral dynamics of membrane proteins.
A general approach to the lateral dynamics of interact ing systems is offered by a consideration not of R, the recovery of fluorescence in an FPR experiment, but of D. Just as R is not expected to scale with a, so, if a is known, D, the observed diffusion coefficient, is not expected to scale with a\ only the observed half-time for recovery should change. Again, this is not the case; D for membrane proteins increases with increasing a, reaching a limit set by membrane lipid viscosity (Edidin and Stroynowski, 1991) . This paradox is rationalized when we consider the FPR recovery curve as the sum of the recoveries of many smaller populations of molecules whose members are in different membrane environments. Labeled molecules that do not interact with their neighbors, or that do not meet barriers in their diffusion, contribute to a rapid recovery of fluorescence, while labeled molecules that do meet bar riers, or that interact with membrane or cytoskeleton, will arrive more slowly at the bleach site and contribute to a prolonged, slow fluorescence recovery. If one waits long enough both sorts of recoveries will be detected. In prac tice FPR measurements using small spots miss unhindered diffusion and underestimate D. FPR measurements using large spots miss hindered diffusion and so underestimate recovery, while yielding higher D. Another way of stating the problem is to say that D varies with the time of mea surement. Long time tails, time-dependent D and R indi cate interactions between diffusing molecules and other components of the membrane (Nagle, 1992; Brust-Mascher et al., 1993) .
The approach just taken is very general and makes no assumptions about the nature of the molecular interactions that give rise to long or fractal time tails. It would be worth applying not only to problems in protein/protein interac tions in membranes, but to a reconsideration of the exper iments on the detergent solubility of GPI-proteins and glycolipids (Brown and Rose, 1992; Stefanova and Horejsi, 1991; Stefanova et al., 1992) . The detergent-insoluble mol ecular complexes isolated at 4°C may represent dynamic, but real, associations of membrane components, stabilized at low temperature. Their components certainly seem to interact strongly enough to allow signaling through GPImolecules (Hahn and Soloski, 1988; Davis et al., 1988; Thompson et al., 1988) . To understand these and other membrane events we will need to think more about the sta tistics, rather than the statics of molecular interactions in membranes.
